were prepared and characterized by 77 Se NMR spectroscopy and the crystal structures of 1-3 and 5 were determined by single-crystal X-ray diffraction. The crystal structure of 4 is known and the complex is isomorphous with 5. 1-5 form mutually similar macrocyclic tetranuclear complexes in which the alternating Fe(C 5 H 4 Se) 2 and M(C 5 H 4 R) 2 centers are linked by selenium bridges. The thermogravimetric analysis (TGA) of 1-3 under a helium atmosphere indicated that the complexes undergo a two-step decomposition upon heating. The final products were identified using powder X-ray diffraction as Fe x MSe 2 , indicating their potential as single-source precursors for functional materials.
Introduction
Transition metal dichalcogenides (TMDs) have been widely studied over the years due to their ability to intercalate species with apparent implications in catalytic and biological processes [1] [2] [3] and biosensors. 4 Due to their ability to intercalate species with substantial alteration of their electronic structure but minimum changes in their crystal structure, they became widely used as a new generation of semiconductors [5] [6] [7] and battery systems. 8 In particular, transition metal diselenides and ditellurides have exhibited band gaps lying within the UV-visible region, which makes them promising candidates for solar cell energy devices. 9 Conventional methods for preparation of binary and ternary transition metal dichalcogenides (TMDs) require heating of high purity elements at high temperatures for extensive periods, involving several homogenizing steps making their synthesis long and expensive. [10] [11] [12] The decomposition of metal chalcogenido complexes to metal chalcogenides takes place at significantly lower temperatures, providing high purity materials required for electronic applications in somewhat shorter timeframes. In recent years, the chemistry of organo-derivatives of selenium and tellurium has been widely developed after the discovery that these materials may be used as precursors for semiconducting binary metal chalcogenides. 13 Extension of this area to include various metallocene dichalcogenides has been possible because of the development of equipment for air-sensitive synthesis. Alkoxide and thiolate groups as ligands have been widely studied in the development of metal-chalcogenide precursors in comparison with lesser known homologous complexes containing heavier elements. Selenium and tellurium analogues of common sulphur-containing precursors are often unknown or not readily available, and their metal-chalcogenolates are generally non-volatile, polymeric compounds. 13 These studies show that there is increasing stability down the group, where the highest reactivity is observed when M = Ti. Traditional synthetic routes for aryl chalcogenides involve the use of chalcogenols, but due to their toxicity, synthetic routes involving dilithium salts are preferentially used nowadays. 13, 15 Special interest was focussed on zirconocene dichalcogenides although high temperatures were required for the complex formation. 3, [15] [16] [17] Access to titanium and hafnium analogues through transmetallation decreased their overall yields dramatically to 40%, 18 and therefore the use of dilithium salts of diselenolate ligands with metallocene dichlorides was a good compromise for simple synthetic design and achieving high yields. 19 Few examples are found in the literature involving sulfur and tellurium analogue species. 20, 21 An important strategy to increase the stability and control the reactivity of metallocene dichalcogenides is the choice of appropriate ligands surrounding the transition metal. 22 Aryl substituents bonded to metallocene dichalcogenides have been shown to increase the molecular stability in comparison with alkyl fragments. 16 Also, the choice of flexible organic groups in the selenolato ligands are shown to allow maximum interaction between the d-orbitals of the metal and the p-orbitals of the chalcogen atoms. 23, 24 A lot of research has been focused on the field of singlesource precursors for binary transition metal selenides; however ternary systems are still only achievable through multi-source precursor synthesis. 12 Intercalation of group 4 metal dichalcogenides with first row transition metals creates an overlap of the M-M 3d electronic states, which is predicted to tune their optical properties. 25 As these materials are potentially interesting for photovoltaic applications, the development of precursors for their deposition is long overdue. To the best of our knowledge, we are reporting the first class of single-source precursors for iron-doped group 4 transition metal dichalcogenides. (5) is shown in Fig. 1 , right.
Results and discussion
Selected bond lengths and angles are given in Table 1 .
Crystallographic parameters of complexes 1-3 and 5 are listed in Table 2 .
All five complexes 1-5 form similar macrocyclic tetranuclear complexes in which the alternating Fe(C 5 H 4 Se) 2 and Scheme 1 General synthesis of 1-5. Table S1 . † The Ti-Se bond length range is 2.5242 (12) (3)]. 34 The coordination polyhedron around the transition metal atom defined by the cyclopentadienyl (Cp) ring centroids and the selenium atoms is a distorted tetrahedron of 
Se NMR spectrum in solution. This fact may be rationalized on the basis of the corresponding higher redox potentials of these metals relative to titanium. 13 Their enhanced stability compared to that of ferrocenylselenolate complexes of titanium goes in accord with the hard and soft acid and base (HSAB) theory. It has also been reported that the steric bulk of the substituent in the Cp ring also plays a role in the relative stabilities of the complexes. 21 Due to the low stability of the species in solution, all spectroscopic measurements were made using freshly prepared solutions. Chemical shifts were in good agreement with those reported for structurally similar complexes. 17, 34, 36, 37 Selenium resonances are largely sensitive to a change in the transition metal. Changing the transition metal from Ti to Zr has a shielding effect of −400 ppm (δ = 963.0 ppm (1), 558.0 ppm (2)), which is substantially larger than that recorded previously using a phenyl substituent (Δδ = −170 ppm). 36 On the other hand, the shielding effect from Zr to Hf (δ = 444.8 ppm (3)) is practically the same for structurally comparable complexes (Δδ = −125 ppm). This effect adds to the number of examples proving that titanium has markedly different chemistry from zirconium and hafnium. Complexes 1-3 exhibit a marked trend in 77 Se NMR shift; however in comparison, substitution on the metallocene moiety has little effect on the shift. For example, substitution of H in 2 and 3 for a t Bu group in 4 and 5 yields virtually the same shift (δ = 583.0 ppm (4), 449.0 ppm (5)). Since Cp rings are not directly bonded to selenium atoms, the substitution of hydrogen atoms creates a much smaller change in the 77 Se NMR chemical shift. Therefore, the substitution of these Cp rings can be designed to increase the solubility of complexes in non-polar solvents without severe effects in the analytical process. Furthermore, substitution of Cp rings with specific substituents can be used to tune the reactivity of the resulting complex towards protic reagents, 22 and thus increase their scope for use as precursors for electronic materials. The use of ferrocene instead of bulky organic linkers to stabilize metallocene chalcogenide moieties both reduces carbon contamination upon decomposition and facilitates delivery of early transition metal, chalcogen and iron elements in one step for potential iron-doped metal diselenide synthesis. The design of suitable precursors that can undergo clean decomposition processes is essential in the development of selenides as functional materials. 9, [38] [39] [40] [41] A thermogravimetric study of complexes 1-3 was carried out to further probe the suitability of complexes of this type as CVD precursors. Although complexes 4 and 5 can be synthesized through the same tandem synthetic route, their isolation requires a more complicated process, making them less adequate precursors for CVD of iron-intercalated TMDs and thus were not further investigated. TGA was performed up to 1000°C to maximize intercalation of iron in TMDs, for which temperatures over 900°C are required. [10] [11] [12] The decomposition profiles of 1-3 exhibit a two-step decomposition route (see Fig. 2 ). The first mass loss appears in the temperature range 225-310°C consistent with the loss of the two (C 5 H 5 ) fragments bonded to the group 4 metallocene of the respective complexes 1, 2 and 3. Further decomposition of ferrocene begins at ∼350°C, with a mass loss expected for the loss of two (C 5 H 4 ) rings. In all three cases the mass percentage that remains after thermal decomposition corresponds to a ratio for Fe : M : Se of 1 : 1 : 2: ∼50%, ∼55% and ∼60% respectively for complexes 1, 2 and 3.
The polycrystalline product of the thermolysis of complexes 1-3 during 1 h were characterized by X-ray diffraction (see Fig. 3 ), showing the formation of iron-intercalated transition metal diselenides. The peak at 2θ ∼ 20°in all three diffractograms is likely due to the excess of α-iron which is not intercalated into the TMD structures. These results act as a proof of concept that these complexes can thus act as precursors to the described ternary mixed metal selenides.
Conclusions
Complexes 1-3 and 5 containing 1,1′-ferrocenyldiselenolato ligands on group 4 metallocenes have been crystallographically characterized and compared to 4.
77
Se NMR studies have confirmed a decreasing trend down the group. We have reported a synthetic route involving a high-yield tandem reaction for 1-3 with potential for large-scale application as a new class of single-source precursors for use in chemical vapour deposition (CVD). Complexes 1-3 crystallize as non-polymeric small macrocyles and have been studied as potentially suitable single source precursors for Fe x MSe 2 materials (0 < x < 1; M = Ti, Zr, Hf ) upon thermal decomposition, showing full decomposition at temperatures below 600°C. Treatment of these complexes for 1 h at 1000°C produced iron-intercalated group 4 transition metal diselenide materials, which were characterized by Powder X-Ray Diffraction (PXRD). Therefore, we present a potential new type of seleniumcontaining complex of the type [Fe(η 5 
as organometallic single-source precursors for an alternative synthesis of iron-intercalated TMDs by thermal decomposition, involving a notably faster process than that previously reported. Further study will continue to expand the research involving these single-source precursors and their application in CVD, with the scope of minimization of the iron contamination in the final product, and production of these materials as thin films.
Experimental

General
Reactions and manipulation of samples were carried out under an argon atmosphere using standard Schlenk techniques. Air-and moisture-sensitive reagents and products were stored in a glovebox (argon).
Li 2 
Single crystal X-ray diffraction
Diffraction data for complexes 1·3CH 3 C 6 H 5 , 2·(CH 2 ) 4 O, and 5 were collected on a Nonius Kappa CCD diffractometer at 120-155 K using graphite monochromated MoKα radiation (λ = 0.71073 Å; 55 kV, 25 mA). Those of 3·1.90CH 2 Cl 2 were collected on a SuperNova diffractometer using graphite monochromated CuKα radiation (λ = 1.54184 Å; 50 kV, 0.8 mA). Crystal data and details of structure determination are shown in Table 2 . Structures were solved by direct methods using SHELXS-2016 and refined using SHELXL-2016. 46, 47 After the full-matrix least-squares refinement of non-hydrogen atoms with anisotropic thermal parameters the hydrogen atoms were placed in calculated positions in the cyclopentadienyl rings (C-H = 0.95 Å) and in the methyl and methylene groups (C-H = 0.98 and 0.99 Å, respectively). The isotropic thermal parameters of the hydrogen atoms were fixed at 1.2 times that of the corresponding carbon atom. The scattering factors for the neutral atoms were those incorporated into the programs. Solvent molecules in 1·3CH 3 C 6 H 5 and 3·1.90CH 2 Cl 2 are disordered. In the former complex, one of the toluene molecules assumed two orientations of an equal site occupancy of 0.5 around the inversion center. The anisotropic displacement parameters of all carbon atoms were constrained to be equal during the refinement. In 3·1.90CH 2 Cl 2 , there are two crystallographically independent solvent molecules. One of them is disordered in three different orientations. The disorder involving the three most abundant orientations was resolved by constraining the anisotropic displacement parameters of all atoms to be equal and refining the site occupancy factors of the three orientations. The sum of the site occupancy factors of the disordered solvent molecule was refined to the value of 0.905 (9) .
Powder X-ray diffraction
Diffraction data were collected using a STOE Stadi P diffractometer (Mo K α1 radiation, 0.70903 Å, 50 kV, 30 mA). Data of the thermolysis products were collected over the 2θ ranges of 10-31°(complex 1) and 2-31°(complexes 2 and 3), with a step size of 0.5°and a count time of 5 s per step.
Thermogravimetric analysis
The instrument used for simultaneous thermal analysis was a Netzsch STA 449C. All measurements were carried out with the precursor sample in an aluminium oxide crucible packed under an argon atmosphere. Data were recorded from room temperature (20°C) to 1000°C using a protective gas (helium).
NMR spectroscopy
77 Se NMR spectra were recorded on a Bruker Avance III 400 spectrometer operating at 76. 31 475 g, 3 .00 mmol) at −78°C and stirred for 5 minutes to form complexes 1, 2, 3, 4 and 5, respectively. The solvent was fully removed in vacuo, the solid was quickly filtered in dry CH 2 Cl 2 , and complexes 1-3 were subsequently washed with dry n-hexane (40 mL). Compounds 4 and 5 were purified by column chromatography performed under air-excluded conditions using a stationary phase of aluminum oxide and a mixture of n-hexane : dichloromethane (1 : 2) as the eluent, with a very significant decrease in yield. Only small amounts of complexes 4 and 5 were used to record their 77 (2) . A bright red polycrystal-
